This paper presents a molecular mechanics study of nanorobotic structures using molecular dynamics (MD) simulations coupled to virtual reality (VR) techniques. The operator can design and characterize through molecular dynamics simulation the behavior of bionanorobotic components and structures through 3D visualization. The main novelty of the proposed simulations is based on the mechanical characterization of passive/active robotic devices based on double stranded DNA molecules. Their use as new DNA-based nanojoint and nanotweezer are simulated and results are discussed. r
Introduction
There has been a great interest and many reports in the use of DNA specifically to actuate and assemble micro-and nano-sized systems. In nano-electronics, DNA could be used as molecular switches for molecular memories or electronic circuitry to assemble future nano-electronics transistors [1, 2] . In nanorobotics (Fig. 1) , structural elements could be carbon nanotubes while the passive/active joints are formed by appropriately designed DNA elements [3] . In such nanodevices, nature assembles nanoscene components using molecular recognition [4] . In the case of DNA, hydrogen bonding provides the specificity behind the matching of complementary pairs of single-stranded (ss) DNA to hybridize into a double strand (ds) of helical DNA. While these tasks have been performed by nature efficiently and perfectly, roboticians and engineers should use prototyping tools for a CAD design process of future bionanorobotic systems. To achieve these long-term goals, prototyping tools based on molecular dynamic (MD) simulators should be developed in order to understand the molecular mechanics of proteins and develop dynamic and kinematic models to study their performances and control aspects. The ability to visualize the atom-to-atom interaction in real-time and see the results in a fully immersive 3D environment is an additional feature of such simulations [5] . Virtual reality (VR) technology is applied here, which not only provides immersive visualization but also gives an added functionality of CAD-based design, simulation, navigation and interactive manipulation of molecular graphical objects. Using simulated biological mediums in virtual environments, the operator can design and characterize through physical simulation the behavior of molecular robots. Adding haptic interaction, the operator can explore and prevent the problems of bionanorobots in their native environment.
Several types of software for displaying 3D models of biomolecules have been developed. Most of these programs provide haptic manipulation and 3D visualization in combination with molecular dynamics (MD) simulation such as visual molecular dynamics (VMD) [6] , that can be connected to molecular dynamics simulation program (NAMD) [7] via interactive molecular dynamics simulation (IMD) [8] and virtual-reality peripheral network (VRPN) [9] (the reader can refer to [10] for a good introduction to the domain).
Based on VR technology and MD simulators, our longterm goal is to prototype virtually bionanorobotic systems and optimize mechanically their design considering the native microenvironment. In this work, we consider realtime force-feedback technology for improving the methodology of mechanical molecular studies of DNA molecules acting as passive and/or active joints in bionanorobotic systems, as illustrated in Fig. 1 . Understanding the molecular mechanics behavior of such DNA molecules is an important challenge for interfacing DNA to structural (CNTs, graphite) or biological (biological nanotube, proteins) elements.
The paper is organized as follows. First, Section 2 presents the developed virtual CAD simulator. Then, different design concepts of DNA-based devices are proposed: Section 3 deals with DNA-based springs and Section 3.3 introduces a novel DNA-based nanogripper.
CAD system for bionanorobotic simulation
The application of advanced virtual reality techniques in bio-nanotechnology allowed to study, simulate, visualize and interact with molecular biology, genomics, proteomics, structural and computational biology. As far we know, only basic molecular elements have been studied until now. As a perspective of these developments, VR-based technology could be used for the molecular robot design. Several types of software for displaying 3D models of biomolecules have been developed supporting VR devices such as stereo glasses, 3D trackers, and force-feedback (haptic) devices. Real-time exploration is what attracts researchers to develop man-machine interfaces for nanoscale manipulation that use haptic display technologies. The developed simulation system presented in Fig. 2 permits manipulation of bionanorobotic components during molecular dynamic (MD) simulations with real-time force feedback and 3D graphical display. It consists of three primary components: a haptic device controlled by a computer that generates the force environment, a MD simulation for determining the effects of force application, and a visualization program for display of the results. Communication is achieved through IMD protocol between the visualization program visual molecular dynamics (VMD) and the molecular dynamics program (NAMD) running on multiple machines. A force-feedback PHANToM device measures a user's hand position and exerts a precisely controlled force on the hand in order to apply different mechanical constraints, force and energy fields on the virtual model in order to prototype bionanorobotic components. The application of the mechanical constraints are applied by a virtual AFM microlever and can be manipulated with a mouse or a haptic interface with forcefeedback. The principal idea of this application is to let the user drive the molecule in the space of precomputed conformations and transitions:
1. The user steers virtually the molecule protein with a cursor, which is a small spherical ball that is position controlled by the stylus. The system allows application of stretching, shearing and bending mechanical constraints on the protein. 2. The user distinguishes possible conformational paths and feels the energy barriers associated with particular paths.
For further explanations on the developed CAD system, the reader may refer to our previous work on the matter [11] . is usually found as a double helix, with two strands wrapped around one another. However, DNA can adopt other configurations and can also exist in ss forms. Doublestranded DNA (ds-DNA) has sparked the renewed interest in the force versus extension of polymers for biomolecular springs. The DNA is solvated in water with 30 Naþ ions added to neutralize the charge (see Fig. 3 ). The water-DNA system was gradually heated over 7 ps to 300 K, and then equilibrated with a thermal bath at 300 K for another 7 ps.
The dynamics of the DNA as shown in Fig. 4 were performed with the ds terminations stretched and the other end fixed. This elastic behavior is thus purely entropic. For very low tension f p1 pN, the restoring force is provided by ''entropic elasticity''. In the absence of any force applied to its ends, the DNA's RMS end-to-end distance (chain length, L) is small compared to its contour length defined as the maximum end-to-end distance (maximum length, L 0 ) and the chain enjoys a large degree of conformational disorder. Stretching DNA reduces its entropy and increases the free energy. The corresponding force f increases linearly as a Hooke's law with the extension L:
The length A DNA is known as the ''thermal persistence length'' of DNA and is of the order 50 nms. For higher forces ðf ¼ 10 pNÞ, the end-to-end distance L is close to L 0 and the elastic restoring force is due to distortion of the internal structure of DNA. In this regime, the force extension curve can be approximated by two models that are often used to describe the entropic elasticity of DNA. In the freely jointed chain (FJC) model, the molecule is made up of rigid, orientationally independent Kuhn segments whose length, b, is a measure of chain stiffness. The resulting entropic elastic behavior can be summarized in the force-extension relation
defining the well-known Langevin function. Expanding Eq. (2) gives the effective spring constant for the FJC as
The terms L tot represent the total length of the protein and f the stretching force. The alignment of segments by tension is described by Boltzmann distribution. In the inextensible worm-like chain model (WLC) model [12] , the molecule is treated as a flexible rod of length L that curves smoothly as a result of thermal fluctuation. The WLC model of entropic elasticity predicts the relationship between the relative extension of a polymer ðz=LÞ and the entropic restoring force (f) through
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where k B is the Boltzmann constant, T is absolute temperature, A is the persistence length, z is the end-toend length, and L is the length. Results, shown in Fig. 4 (a), indicate that, even though the FJC model can describe the behavior of ds-DNA in the limit of low and intermediate forces, it fails at high forces. The data are fit to a WLC model solved numerically assuming A ¼ 43 nm. The FJC curve assumes b ¼ 2, P ¼ 106 nm. Both models behave as a Hooke's law for low stretching forces. In the opposite limit of large force the end-to-end distance approaches molecular contour length and subsequently the force-extension curve begins to rise quickly. At these large forces, DNA can be extended slightly beyond its contour length, which is accounted for by the elastic stretching modulus l. Experiments performed with laser tweezers [13] , magnetic traps [14] , and AFM-based single molecule force spectroscopy [15] describe accurately the elastic behavior of DNA at forces up to 10 pN. For higher forces, this experimental behavior presents a sharp structural transition leading to a strong overstretching of the molecule that cannot been reflected by the WLC model. The molecule suddenly changes from its canonical B-form contour length to a socalled S-form DNA (B-to-S overstretching transition). In the case of an anti-parallel stretching (Fig. 4(b) ), the force-extension curve is quite similar for the Parts I and II when the ds-DNA is unfolding. When it is totally stretched, lateral mechanical unzipping of the hairpins occurs sequentially leading to an increase of the stretching force (Part III) until to reach its point of rupture (Part IV). These simulation results are consistent with the experimental ones given in [16] . The multiple rupture events between different strands occurring at different times during the separation (Part II) are clearly measured with the last rupture event (Part III) before separation (Part IV). However, it should be noticed that the AFM-based force spectroscopy experiments show differences in the size of force curves. As the AFM can measure forces ranging from pico-Newtons to hundreds of nano-Newtons, the authors in [17] investigated mainly the forces holding the DNA together (H-bonding and base stacking) than the backbone conformation rupture forces.
When considering an anti-parallel shearing of ds-DNA (Fig. 4(c) ), a mechanical longitudinal unzipping of the 12 hairpin DNA occurs sequentially (Part I) after a phase of extension of ds-DNA structure (Part II) before the rupture point (Part III). As it is shown, the strand unzipping occurred abruptly at 500 pN and displayed a reproducible ''sawtooth'' force variation pattern with an amplitude of AE10 pN along the DNA. We found that the force level necessary to trigger the opening (maximum amplitude of a given sawtooth) along the sequence increases with the GC content of the peak that blocks the progression. These triggering events were observed here in the 40-60 percent range; a linear fit in that domain of the force vs. GC gave a rough estimate of AE15 pN for opening a 100% GC sequence and 10 pN for a 100% AT sequence. Validation of this molecular stick-slip has been analyzed experimentally in [17, 18] . Simulations shows that releasing the opening force (not shown), the two single strands reannealed, and a new stretching cycle could be engaged. In [17] , the authors reported a direct measurement on the forces involved in the unzippering of a long segment of DNA. However, the mechanical forces involved in the strand separation were lower than our simulations (in the range of 10-15 pN). This difference was related to the sequence and the elastic nature of the mechanical B-DNA configuration used in the experiments.
Passive DNA-SWNT elastic joint
DNA, in particular, has recently been subject to thorough experimental and theoretical investigations in many groups, with a view to understanding the elastic properties of DNA and its stability against force-induced overstretching [20] . These studies all focus on how ds B-DNA is stretched and bent with respect to variation of medium environment. Considering the interesting stretching characteristics of ds-DNA of Fig. 4(a) , we designed a passive DNA-based elastic joint Fig. 5(a) composed of two single walled carbon nanotubes (SWNT) as structural components. The covalent linkage between DNA-SWNT are realized at the terminations through atoms of carbon Fig. 5(b) . As shown in Fig. 6 , the passive dsDNA-based joint is fully reversible in the domain of linear elasticity of the DNA molecule (Part I and II). The spring constant is estimated to be as K DNA ¼ 780 N=m with a thermal bath at 300 K and constant acidic pH ¼ 5.
The modulation of the strength of the molecular nanospring has been considered. In this regard, a molecular ARTICLE IN PRESS variable spring can be envisaged since previous experiments on DNA overstretching have shown that effects of solution conditions plays an important role in force-extension curves. Variations of the medium environment have been controlled through three parameters: (i) the temperature, (ii) the level of acidic pH and (iii) the electron density of the molecule.
The strong sensitivity of the force-extension characteristics of the DNA molecule to temperature plays an important role in the control of the DNA stiffness [20] . Indeed, the overstretching portions of the force-extension curves as a function of temperature decrease greatly as the temperature is increased. As example, Fig. 7(a) shows the evolution of the DNA spring constant K DNA with respect to the temperature ranging from 273 to 450 K. In theory, the results show clearly the linear decrease of spring constant with respect to the temperature. In practice, for such high temperatures the DNA becomes completely denaturated (DNA melting) and reversibility is altered by the strong hysteresis. Indeed, removal of the bonds separating the melted base pairs represents an irreversible process, in which the two strands completely separate. The simulation data that do not make sense from experience are shown in blue dotted line (see Fig. 7(a) ). In a realistic way (red solid line), the adjustable stiffness can be adapted between 780 and 720 N/m in relation to the temperature control (ranging from 300 to 338 K). Such results have been confirmed by an experimental investigation carried out M.C. Williams et al. in [21] . The authors demonstrated that the temperature dependence of DNA stretching in 500 mM ionic strength Hepes buffer at pH ¼ 7:5 exhibited large variations of the DNA stiffness between 284 and 325 K in a reversible way (see Fig. 5 in [21] ). The experiments confirmed the very little hysteresis of DNA molecule (shown in Fig. 6 ) with a thermal bath at 300 K.
However, it should be noticed that when stretched at 318 K, almost the entire length of DNA that was stretched remains ss as it is relaxed. This shows that even when the DNA molecule is stretched only partially through the overstretching transition, at high temperatures the two strands do not re-anneal on the time scale of experiments.
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Practically, the DNA molecule is able to perform repeatable motion controlled by variation of pH by adding protons (termed protonation). It is proposed to isolate this domain from the DNA and trigger the stiffness change by variation of pH (lowering the melting point of ds-DNA). The drop pH changes the energetics of the outer (envelope glycoprotein) protein of the DNA. In Fig. 7(b) shows the change of the protein stiffness with respect to the pH value. For a neutral acidic pH value ðpH ¼ 11Þ, the DNA protein is in a partially helical stranded coiled coil. The value of pH ¼ 5.5 corresponds to the neutral state. An increase occurs at lower pH between 5.5 and 10 leading to a stiffness variation ranging from 670 to 780 N/m. For this configuration, it is necessary to protonate the amino acid side chain of the protein by adding proton inside the native environment. These values are in good agreement with those that have been reported previously by Williams et al. in [22] . The authors showed that as pH is raised between pH ¼ 6:0 and 10.6, the shape of the force-extension curves changes very little but the value of the overstretching forces decreased greatly explaining the linear decrease of DNA stiffness in Fig. 7b . Furthermore, the stretching and relaxation exhibited an increased of hysteresis behavior at high pH. When the pH is lowered between pH ¼ 3:5 and 6:0, the authors in [20] demonstrated that the change in force over the course of the overstretch transition increased drastically, explaining the abrupt increased in DNA stiffness of Fig. 7b . At low pH levels ranging from pH ¼ 2 and 5.5, our simulations and experiments in [22] showed that the force-extension curves could be reproduced without any hysteresis indicating that the changes to DNA molecule at low pH are fully reversible.
Finally, the increase or decrease of the electron density (namely, the electric charge Q in Coulombs) has been investigated. The concept of using electrons as a medium for such purposes is not unreasonable because electron density will readjust along the molecular backbone in response to an inflow/outflow of electronic charge. Moreover, using electrons as a mechanism for changing the shape and rigidity of molecular systems has precedence [23] . Fig. 7(c) shows the change of spring stiffness according to the electron charge of the protein. From these results we derive that the force stiffness bracket a range from 680 to 780 N/m for the ds-DNA protein. The temperature and pH dependence shown in Figs. 7a-b indicate that the base pairs connecting the DNA strands are broken during the overstretching simulations. The ionic dependence of the overstretching indicates that the two DNA strands remain close together during stretching. This implies that the majority of DNA base pairs melt within internal domains rather than from the free ends. Experimentally one can control the sodium ion concentration ð½Na þ Þ of the medium in order to adjust the stiffness of the elastic DNA molecule. Our simulation results are in agreement with the partial stretching curves obtained in salt concentrations ranging from 1000 to 2.57 mM carried out by the authors in [24] . For low level of electron charges (namely, low level of salt concentration), the DNA stiffness increases linearly with respect to the salt concentration ½Na þ . However, experiments show important drawbacks when considering the strong hysteresis during stretchingrelaxation experiments [25] .
ss-DNA and ds-DNA proteins have interesting characteristics due to their elastic behavior and structural conformation. As example, DNA can provide three independent reversible degrees of freedom: stretching, shearing and twisting. They can be used to construct molecular building blocks by virtue of their conformation pathways.
Controllable DNA-based nanogripper

Design of DNA actuation
Proteins represent fertile territory for nanoscale machines that produce linear motions in liquid environments. Recent years have seen substantial progress in DNA actuation nanomechanical devices. DNA molecule undergoes substantial conformational changes in responses to environmental stimuli (temperature, acidic concentration, salt, ionic level) which facilitate controlled mechanical motion. Unusual DNA motifs [26, 27] can be used to construct molecular building blocks by virtue of the fact that the sticky-ended association of DNA molecules occurs with very high specificity. Branched DNA molecules with sticky ends are promising for assembling robotic based-DNA nanostructures. Sherman et al. [28] reported the construction of a mechanical DNA-based device that might serve as the basis for a nanoscale robotic actuator. The mechanism has two rigid ds-DNA arms a few nanometers long that can be made to rotate between fixed positions by introducing a positively charged cobalt compound into the solution surrounding the molecules. It is composed of a ds-DNA protein with two single carbon nanotubes (SWNT) as nano-arms. Yan et al. [29] proposed a X-shaped DNA tiles linking a square grid with some DNA strands that can lengthen or shorten few nanometers like tiny pistons.
In this section, we study the molecular properties of DNA proteins to change their 3D conformation depending on the temperature level of the native medium (water). Thus, a new biomolecular gripper type called dsDNA-SWNT nanogripper is designed (Fig. 8) . It is composed of a ds-DNA protein with two SWNT as nano end-effectors. The structure is like an hairpin composed of two coils, having each C-terminal connected to a SWNT and undergoing a conformational change induced by temperature variation (increase or decrease) in mildly acidic medium ðpH ¼ 5:5Þ. An unstressed ds-DNA is stabilized gainst spontaneously dissociating into two strands by the interaction of free energy g 0 ¼ 1:4K B T per base pair. When the DNA molecule is subjected to an external energy (thermal denaturation) greater than the free-energy potential barrier g 0 , initiation of unzipping of the two single-strand extremities occurs. The choice of the ds-DNA molecule is thus crucial. It is important to emphasize the physical factors involved in their favorable formation, namely contributions from base pairing, base pair stacking, hydration and counterion binding. As these non-covalent interactions depend on the specific chemical composition of the strands used, we investigated the study of three DNA hairpins containing specific base-pairs: The finger's motion are composed of a linear finger opening (y-z plane) connected to carbon nanotubes as nano end-effectors (Fig. 9) . In order to assess the interaction forces when handling a nanoobject, we simulated a contact force by using two nonlinear spring K 1 and K 2 connected to each end-effector. Fig. 10 shows the evolution of the gripping force during the opening of the nanotweezers. The contact force is estimated by F i ¼ K i :x i;j with ði; jÞ ¼ ð1; 2Þ for each nanofinger. It should be noticed that when the nanofingers are in closed contact with the nanoobject, the forces provided by the ds-DNA are quite linear with the opening displacement x. Saturation limits of gripping tasks are reached for force levels on the order of F max ¼ 0:3 pN.
For large opening displacements, the forces are dissimilar due the small parasitic rotation of the fingers. Fig. 11 shows the motion reversibility of the nanofingers during a temperature cycle time (heating and cooling) from 300 to 400 K. Although the overall unfolding pathway is independent of temperature cycling, differences are observed from trajectory-to-trajectory during the cooling procedure. The reversibility error is less than 8 percent in the worst case.
Optimization of the nanogripper
The optimization of the nanogripper characteristics implies the re-design of the B-DNA molecule. Two solutions are thus possible. (1) DNA unzipping using rich base pairs: The main idea is to synthesize sequence-specific base pairs with respect to their hydrogen bonds. One possible way is to synthesize a DNA base pairing where were A-T base pair rich in the region near the SWNT gripper and G-C rich in the region further away. Since A-T base pairs are made using only two hydrogen bonds, they will be easier to break than G-C pairs. It means that the more rich in A-T the DNA is closer to the SWNTs, the easier it will be to open the nanogripper while retaining structural integrity in the entire device. Some simulations demonstrated that the sequence-specific base-pairing forces of DNA were on the order of 9 pN for A-T ðg 0 ¼ À11:6248 kcal=molÞ and 20 pN for G-C ðg 0 ¼ À26:17 kcal=molÞ base pairs. These values are consistent with earlier results by Kohandel and Ha [32] , who unzipped lambda phage DNA using glass microneedles. An example is given in Fig. 12(a) where we introduced four A-T base pairs (in red) rich in the region near the SWNT gripper (symbolized by to C-C carbon link).
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(2) DNA bending using purely electrostatic mechanism: The actuation mechanism can be also improved by the creation of like electrostatic charges along each DNA strand which forces the two strands to repel each other (unzipping DNA sequence) and move apart thus creating an opening motion of the gripper. Such laterally asymmetric charge distributions should generate bending forces by local reduction (cations) or enhancement (anions) of interphosphate repulsions (at positions $20-24 with G:C base pairs). According to this, the asymmetric reduction or enhancement of electrostatic repulsive forces on DNA faces cause DNA bending by unbalancing the repulsive forces of the two sides of the double helix. This motion can be reversed by neutralizing the charges. Creation of electrostatic charges depends on the differences in the ionization states of the base pairs which in turn depends on the pH of the solvent. Thus by the introduction of different amino acids along the DNA strands and varying the pH of the solvent different nanogripper architecture with degree of gripping motion can be obtained. Placement of fixed charges near one face of the DNA double helix inducing DNA bending by a purely electrostatic mechanism is in agreement with the experimental work carried out by Mc Donald et al. [33] .
Conclusion
This paper presents a computational molecular mechanics study carried out by an interactive CAD simulator interface. The preliminary mechanical force results given in this study corroborates the force results when stretching double-helical DNA molecules for controllable passive elastic joints. It can be used as passive links with several degrees of freedom in DNA-based nanomechanisms where controllable stiffness (shock absorbers), high restoring forces (force reversibility) and guided motion are required. We demonstrated that these characteristics are strongly dependent medium properties: temperature, protonation and electron density control parameters. The high driving forces generated by ds-DNA molecule during conformation state allows the design of controllable active joints. An example of a nanorobotic gripper design has been simulated and characterized through MD simulations. Future work will be carried out in order to perform an experimental characterization of the proposed nanorobotic designs.
